exposure status, smoking and alcohol drinking, were significantly associated with ICL and time-weighted ICL. Regression analyses suggested that exposure status and personal habits (smoking and alcohol drinking) are still the major effects on blood lead parameters for lead workers rather than genotypes. In conclusion, VDR genotypes did not significantly affect the long term blood lead parameters after adjustment for all factors, but industrial hygiene improvement, including engineering control and health education, are the most important ways to protect workers' health. Blood lead levels or even bone lead levels would not always explain workers' health status, because individual susceptibility to lead toxicity may play an important role in lead toxicology and physiology. For example, lead inhibition of zinc metalloenzyme, delta-aminolevulinate dehydratase (ALAD), is one of the most sensitive indicators of blood lead levels. Previous studies have suggested that polymorphism in delta-ALAD, a heme synthetic enzyme, may be associated with differences in blood lead levels, perhaps due to different binding of lead in erythrocytes 1, 2) . Moreover, the toxicological relationship in which lead affects calcium and vitamin D metabolism had not been well understood. The biological interactions between lead and calcium are complex 3) . Some studies suggested that variant VDR alleles modify lead concentrations in bone, either by influencing lead content or calcium content or both 4) . We have been following up a group of lead workers for 12 yr. Although some studies had been done on personal hygiene habits 5) and health effects 6) , we cannot 
Blood lead levels or even bone lead levels would not always explain workers' health status, because individual susceptibility to lead toxicity may play an important role in lead toxicology and physiology. For example, lead inhibition of zinc metalloenzyme, delta-aminolevulinate dehydratase (ALAD), is one of the most sensitive indicators of blood lead levels. Previous studies have suggested that polymorphism in delta-ALAD, a heme synthetic enzyme, may be associated with differences in blood lead levels, perhaps due to different binding of lead in erythrocytes 1, 2) . Moreover, the toxicological relationship in which lead affects calcium and vitamin D metabolism had not been well understood. The biological interactions between lead and calcium are complex 3) . Some studies suggested that variant VDR alleles modify lead concentrations in bone, either by influencing lead content or calcium content or both 4) . We have been following up a group of lead workers for 12 yr. Although some studies had been done on personal hygiene habits 5) and health effects 6) , we cannot University Hospital, Kaohisiung City, Taiwan-Gene polymorphism is an important factor that affects human susceptibility to toxins. For example, previous studies suggested that the ALAD genotype is an important factor affecting workers' susceptibility to lead toxic effects, including hemopoietic and nervous system. But we have had few researches in Taiwan, though there are thousands of workers involved in lead-related industries. On the other hand, although it is well known that lead deposits in the bone mineral component and interacts with calcium, vitamin D receptor may therefore be an important factor in the metabolism of lead. Some studies suggested that different vitamin D receptor genotypes have various kinds of receptor activity. The goal of this study was to investigate the polymorphism affecting workers' susceptibility to lead. Three allelic variants of the VDR gene were defined by means of the polymerase chain reaction (PCR) and three restriction enzymes (ApaI, BsmI, and TaqI). We determined the relationships of different VDR genotypes (AA, Aa, aa, BB, Bb, bb, TT, Tt, and tt) to blood lead and the index of cumulative blood lead levels (ICL). Altogether we analyzed 544 workers' VDR genotypes (BsmI, TaqI, and ApaI) and compared to their blood lead levels and ICL in the VDR genotypes. The results showed that workers had higher blood lead levels and ICL in the Apa I-aa genotypes, but this is not statistically significant when adjusted for potential confounding factors. Other characteristics, such as
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explain individual variation in some health effects after adjusting for personal hygiene factors. For instance, workers' hemoglobin levels over the years did not compared closely with blood lead levels in a multivariate longitudinal analysis. Gene polymorphism may be an important factor in individual susceptibility to lead toxicity. The goal of this study is to investigate polymorphism affecting workers' susceptibility to lead and to compare it to the health effects. Three allelic variants of the VDR gene in polymerase chain reaction (PCR) and three restriction enzymes (ApaI, BsmI, and TaqI) are defined. We then determine the relationship of the different VDR genotypes (AA, Aa, aa, BB, Bb, bb, TT, Tt, and tt) to longitudinal blood lead levels.
Materials and Methods

Subjects
The study was carried out in a lead-acid battery manufactory, where workers have been followed up since 1990 with annual health examinations. The serial blood lead data of each worker can be used as an index of longterm exposure. The authors obtained informed consent from all workers, and the study has been approved by the IRB of Kaohsiung Medical University.
Lead Exposure Parameters
Five indices of lead exposure were developed for each worker: (1) Current blood lead concentration (PbB) measured. Regarding indices (4) and (5), reliable measurements of blood lead began in 1991. Workers with no existing records on blood lead concentrations before 1990 were assigned a value of 15 ug/dL from birth to the date of hiring, a figure based on the mean concentration of blood lead in a population survey of Taiwan, 1984 8) . For each worker who was hired before 1991, the value for the first blood lead measured by our laboratory (usually in 1991) was assumed to be representative of the blood lead levels from 3 months after the date of hiring until the date of the first blood lead measurement. We assumed that blood lead levels had gradually increased to this value from the date of hiring. In fact, the industrial hygiene of the plant had changed little until we intervened in 1990 5) ; thus, before 1991, blood lead levels of workers in this plant could be rationally assumed to have reached equilibrium, similar to the first measurement in our laboratory.
Sample collection
The blood samples were collected at the annual occupational health examination according to the labor health law in Taiwan. The blood samples were obtained for DNA extraction with PCR duplication and genotyping.
Genotypic Analysis of Polymorphisms of the Vitamin DReceptor Gene
The genotypes for three restriction-fragment-length polymorphisms of the vitamin D-receptor gene were determined by PCR amplification and enzymatic digestion of the products with ApaI, BsmI, and TaqI 5 ' -GCAACTCCTCATGGGCTGAGGTCTCA-3' and 5'-AACCAGCGGGAAGAGGTCAAGGG-3' for the BsmI. PCR were performed with a Biometra Trio thermoblock (Floral City, Fla.) under standard conditions, for 35 cycles, and with 65 degrees C as the annealing temperature. With the enzymes ApaI, BsmI and TaqI, the respective genotypes were defined as A, B and T (indicating the absence of the restriction site) or a, b and t (indicating the presence of the restriction site). The PCR product for the BsmI polymorphism is 825 base pairs (bp) long, and the restriction fragments are 650 bp and 175 bp long. The PCR products for the ApaI and TaqI polymorphisms are 2,000 bp long; the lengths of the fragments after digestion with ApaI are 1,700 and 300 bp, and the lengths of the fragments after digestion with TaqI are 1,800 and 200 bp.
Questionnaire
Short questionnaires on job title, medical and working history, alcohol and cigarette consumption were administered before the health examination. The questionnaires were then checked and used to collect the personal information at the time of their annual health examination by occupational physicians and our investigators.
Statistical Analysis
Descriptive analysis: To summarize data, descriptive statistics are used to calculate the means of continuous variables, such as blood lead levels, age, working duration and biochemistry data. They also show the dispersion of these data and whether the skewed variables are transformed to normal distributions. Possible outliers of measurements were detected in the analysis and were the reasons for out-ranging were examined. For category variables, such as gender, smoking and alcohol consumption, job title, rates and proportions were used.
Comparative analysis: Depending on genotypes, subjects can be divided into groups. ANOVA was used to examine the difference in the blood lead level, as well as other confounders among groups. Chi-square test can show the difference between nominal variables among groups.
Regression analysis: Since the blood lead parameters are continuous variables, by using them as dependent variables, regression analysis could give us the correlation of each blood lead parameter and genotypes with adjustment for occupational exposures (job titles or areas) and other confounders. For distribution of ICL, natural log-transforming was used to fit the assumption of regression.
Results
Altogether we collected data of 544 lead workers at the time of their annual health examination. Their average age was 42.7 yr. Of these worker, 314 were female (57.7%). 3 allelic variant sites were analyzed, i.e. BsmI, TaqI and ApaI. Due to the quality and quantity of DNA, there were only 543 samples analyzed for Bsm1, and 532 samples for Taq1 and Apa1. The distributions of these genotypes in the group of lead workers were 0.4%, 11.6%, and 88.0% for BB, Bb and bb types respectively, and 91.5%, 8.3%, and 0.2% for TT, Tt, and tt, respectively, and 13.5%, 36.3%, and 50.2% for AA, Aa, and aa types, respectively. For their exposure status, we divided into them into 4 groups: office, lead plate product workers, assembly workers, and the part-time exposure jobs (including, quality control, machine maintenance, electrical technician, and the others) depending on regular regional lead-air sampling data (data not shown here). Among the female workers the most common job was assembly (43.6%), and of the males, 35.7% were in parttime exposure jobs ( Table 1 ). The mean working history of these workers was longer than 10 yr. In this health examination, mean blood lead levels were 23.4 ug/dL for females, and 24.2 ug/dL for males. By using their serious blood lead levels (annually) to calculate the index of cumulative blood lead (ICL), the averages of ICL were 274.8 (year*ug/dL) for the females, and 476.2 for the males. The time-weighted ICL (TWICL instead of average blood lead yearly) averaged 23.7 and 27.2 for female and male workers, respectively. The physical characteristics of the workers were similar to the general Taiwan population: average height and weight were 166 cm and 64.8 kg for the males, and 159.3 cm and 59.8 kg for women. Of the males, 62.6% were current smokers, and 16.6% of the female workers were current smokers. Regarding alcohol use, about 17.8% of the male workers reported regular drinking, estimating the ethanol amount at more than 50 g per week; the figure is 12.4% among the female workers. (Table 1) In Table 2 , we compared all blood lead parameters (current blood lead levels, ICLs, and TWICLs) among genotypes in each allelic variant. Because the distribution of ICLs was skewed to the right, natural log transforms were used to compare them when ANOVA or t-test were performed. In addition, due to the rare numbers on BB (0.4%) and tt (0.2%), we regrouped the Bsm1 types as workers with bb and B genes (BB+Bb). Similarly, the Taq1 genotypes were also placed in TT and (Tt+tt) groups. We found a difference between AA and aa types only in both long-term blood lead parameters, TWICL and logtransformed ICL by ANOVA with Scheffe test. In addition, only Apa1 types have tendency to appear in all blood lead parameters, that is, all blood lead parameters were the highest in the AA type, then Aa and then aa. (Table 2) Comparisons of the effects of 4 different exposure statuses, office jobs, part-time exposure jobs, plate product works and assembly jobs, on blood lead parameters, genotypes, and the other characteristics are shown in Table 3 . The workers with office and part-time exposure jobs were younger than the assembly-line workers (plate product and assembly), but the working history durations were not significantly different among those workers. All blood lead parameters were highest in the group of lead plate product workers and lowest in the office workers. Genotypes were distributed similarly to the total distributions and not different for Bsm1 and Taq1 types among the 4 groups. Nevertheless, the Apa1 distribution was significantly different among the 4 groups. The office group had more AA types (22.1% versus 13.5% altogether) and fewer TT types (86.7% versus 91.5% altogether). Regarding personal habits, smoking and drinking distributions were both significantly different in chi-square tests; the lowest smoking rate was 16.6% in the assembly group, which is because there are more women in the group (Table 3) . We used multiple regression analyses to investigate the effects of VDR genotypes on these blood lead parameters and controlled exposure status and the other confounders (Table 4 ). In the ICL (natural logtransformed) model, no VDR genotype significantly affected the long-term blood lead parameter. But other characteristics, such as exposure status, personal habits, working history duration, and age were all significantly associated with the ICL level. Similarly, VDR genotypes were also not significantly associated with TWICL, but other characteristics were all significantly associated with TWICL (Table 4) .
Discussion
Recent study suggest that polymorphisms in the vitamin D receptor (VDR) gene influence tibia lead levels, and workers with the B allele had higher tibia lead concentrations 4, 9) . The VDR gene is located at chromosome 12cen-12 10) ; several allelic variants, such as ApaI, BsmI, FokI and TaqI, had been identified. Most studies of the VDR gene have focused on the BsmI polymorphism; restriction enzyme digestion produces three genotypes commonly termed bb, Bb and BB. The BB allele (defined by the absence of the polymorphic restriction site) has a prevalence of 7-32% in Caucasians 11) . In our study, there were very few workers with the BB type (0.4%), and no evidence of a risk effect on lead toxic susceptibility. In addtion, the quite low prevalence (0.4%) may be a clue to the "healthy worker effect", if we have Bsm1 prevalence in the general population. A study of diabetes in northern Taiwan revealed that the prevalence of BB was 0.4% in their control group (n=248; mean age=49 ± 11 yr), but another osteoporosis study in middle Taiwan showed that he prevalence of BB was 6.4% (n=171, mean age=57 ± 6 yr) 12, 13) . The cellular actions of hormonal vitamin D depend on its interaction with the nuclear VDR that regulates the production of calcium-binding proteins 14) . The VDR exists in several polymorphic forms in humans, such as ApaI, BsmI and TaqI, but the actions (protein phenotypes) of calcium-binding proteins depending on genotypes have not been well study. Some studies on health outcomes (bone density, breast cancer and so on) 15) as phenotypes revealed that some genotypes have been correlated with bone mineral density and circulating levels of osteocalcin. The BB genotype has been associated with lower bone mineral density, particularly in women and may play a role in the development of osteoporosis 16, 17) . Because of these polymorphisms and their effect on bone mineralization, it can be expected that these genetic variants may also affect lead accumulation in bone. Unfortunately, in our study, we have no measurement of bone lead levels. Thus, we studied ICL and TWICL as surrogates of cumulative lead exposure, because some studies reported that tibia lead was strongly correlated (Pearson r=0.8) with these kinds of time-integrated blood lead indices. Our results did not show any association between genotypes and blood lead concentration, ICL or TWICL. The reasons might include that these were not real bone lead measurements, and there was a lack of bone density as a potential explanatory factor. On the other hand, the contribution of exposure factors, such as the occupational environment, is so large that they almost determine the blood lead parameters. There may be a so-called 'residual confounding effect', since we have adjusted the exposure status as a major confounding factor [18] [19] [20] . Our study showed that only the Apa1 allele appeared significantly different in ICL and TWICL. This might suggest that A allele is a protecting factor, but the distributions of the exposure status were also significantly different. The office workers (the lowest exposed) had more AA types (22.1%) than the total AA (13.5%) so that the lower ICL and TWICL might result from more individuals having lower exposure. Consequently, there was no significant effect on the multiple regression analyses with adjustment for all factors.
Regression analyses suggested that exposure status and personal habits (smoking and alcohol drinking) are still the major effects on blood lead parameters for lead workers rather than genotypes. We used job titles and working history duration to present the occupational lead exposure and demonstrated a good index related to blood lead levels 21) . In conclusion, VDR genotypes did not significantly affect the long term blood lead parameters after adjustment for all factors, but industrial hygiene improvement, including engineering control and health education, are the most effective ways to protect workers' health.
